In recent years, Ta 2 O 5 has been researched due to its high dielectric constant. It has gained attention for its application on storage capacitors for dynamic random access memory (DRAM), gate oxide 1 and lightly doped drain spacer 2 for future deep submicrometer metal oxide semiconductor field effect transistors (MOSFETs). In the past, efforts have been made to deposit Ta 2 O 5 on polysilicon bottom electrodes using different deposition systems and annealing processes. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, poor electrical properties of Ta 2 O 5 deposited by low pressure chemical vapor deposition (LPCVD) were often obtained when carbon-based Ta(OC 2 H 5 ) 5 was used as the precursor in the mass production processes. 4-8 Therefore, many oxygen annealing processes such as dry-O 2 rapid thermal annealing (RTA), 8 O 2 -plasma annealing, 4-6 two-step annealing, 3 UV-O 3 annealing, 3 and N 2 O RTA 9 or furnace N 2 O annealing 10 were studied extensively. Although the leakage current density was well suppressed by these annealing processes mentioned above, it also accompanied a decay in dielectric constant. [8] [9] [10] This was due to the formation of a very thin SiO 2 layer about 2 nm between Ta 2 O 5 and the polysilicon interface after a high temperature annealing process. The capacitance was decreased due to the additional low dielectric constant SiO 2 layer. 9,10 This problem could be lessened by using refractory metal electrode such as tungsten. However, the leakage current level of 1 ϫ 10 Ϫ7 A/cm 2 at 1 V was at least one order of magnitude larger than that of Ta 2 O 5 deposited on polysilicon by LPCVD. 4 In this work, high quality thin Ta 2 O 5 films (14 nm) are deposited by PECVD on tungsten bottom electrode using a pentaethoxytantalum Ta(OC 2 H 5 ) 5 as the precursor. Material properties are investigated by X-ray diffraction (XRD) and secondary ion mass spectroscopy (SIMS). The electrical measurements, including current-voltage (I-V) and capacitance-voltage (C-V) characteristics are performed on Au/Ta 2 O 5 /W/p-Si devices. The current conduction mechanism of Ta 2 O 5 films is investigated. A comparison is also made between Ta 2 O 5 films deposited by PECVD and LPCVD. Experimental (100) p-type silicon wafers (8.5-11.5 ⍀ cm) were used as the starting material. The silicon wafers were first deposited with 500 nm of chemical vapor deposited tungsten using WF 6 and SiH 4 as reactants. The Ta 2 O 5 film was then deposited in an O 2 ambiant at 400ЊC. Ta 2 O 5 films were deposited on separate silicon wafers simultaneously to measure the refractive index and the film thickness. The Ta(OC 2 H 5 ) 5 was vaporized in the source tank in the temperature range of 140 to 170ЊC and was carried to the deposition chamber using nitrogen as the carrier gas. The precursor was then transferred to the reactor through a gas heating line. The gas heating line was maintained at a higher temperature of 160 to 190ЊC to prevent recondensation of Ta(OC 2 H 5 ) 5 . The chamber was maintained at 0.3 to 0.4 Torr during deposition. The deposition substrate temperature was 400ЊC. For PECVD mode operation, the radio frequency (rf) power was maintained at 80 W and the O 2 flow rate was maintained at 50 standard cubic centimeters per minute (sccm) during the plasma deposition process. For LPCVD mode operation, the rf power was turned off.
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No postdeposition annealing was performed for PECVD Ta 2 O 5 . Two kinds of annealing processes were performed to reduce the leakage current level of Ta 2 O 5 deposited by LPCVD. The first kind employed rapid thermal annealing (RTA) performed at temperatures ranging from 500-650ЊC in an O 2 ambiant for 60 s. The O 2 flow rate was maintained at 5 standard liters per minute (slm) during the RTA process, and the gas flow during prepurge and postpurge steps were maintained at 8 slm. The RTA heating rate was 125ЊC/s. The second kind of annealing process was oxygen plasma annealing for 10 min, which was carried out immediately after the deposition of Ta 2 O 5 . The rf power was maintained at 80 W and the O 2 flow rate was maintained at 100 sccm during the annealing process. The substrate temperature was maintained at 400ЊC during oxygen plasma annealing. After annealing, the top Au electrode (400 nm) was evaporated and patterned using a lift-off process. Hence, there are four types of Ta I-V measurement and HP4284A for C-V measurement. The area of the capacitor used for I-V measurements is 6.4 ϫ 10 Ϫ5 cm 2 . The voltage is defined as positive when the top Au electrode is biased positive. The capacitance of the films was measured at 100 kHz with a 10 mV ac sweeping signal from positive bias to negative bias.
Results and Discussion

Material Properties
X-ray diffraction analysis.- Figure 1 shows the XRD patterns for Ta 2 O 5 deposited on the tungsten bottom electrode using different deposition processes. Only tungsten peaks are observed, which indicates that the Ta 2 O 5 films are all amorphous for all types of PECVD and LPCVD thin films. A thin layer of WO 2.9 was formed for Ta 2 O 5 deposited by PECVD. It is most likely due to the oxidation of tungsten by O 2 plasma prior to Ta 2 O 5 deposition on the tungsten bottom electrode. 11 Most of the Ta 2 O 5 thin films studied in the past were deposited using LPCVD. Often an annealing step is used to improve the electrical properties. However, it was observed in this work that the LPCVD Ta 2 O 5 thin films deposited on tungsten can be easily damaged by high temperature treatment. Figure 1e is the XRD pattern for LPCVD Ta 2 O 5 deposited on a tungsten bottom electrode and rapid thermal annealed under oxygen ambient at 650ЊC for 60 s. The tungsten bottom electrodes were seriously oxidized and the Ta 2 O 5 films deformed. This is most likely due to the difference of thermal expansion coefficients between Ta 2 O 5 and WO 2.9 .
Thus, it is clear that no heat-treatment higher than 500ЊC should be used for LPCVD Ta 2 O 5 thin films if tungsten is used as the bottom electrode. Either a low temperature process, lower than 500ЊC, or as-deposited film has to be used for this application.
SIMS analysis.-The SIMS depth profiles for PECVD Ta 2 O 5 , LPCVD as-deposited, and LPCVD O 2 -plasma annealed and thin films on the tungsten bottom electrode are shown in Fig. 2, 3 , and 4, respectively. In Fig. 2 , it is observed that tungsten ions are piled up near the Ta 2 O 5 /W interface, which indicates that there is a thin WO 2.9 layer formed between Ta 2 O 5 and tungsten. This is in agreement with the XRD data. The mole fraction of the tungsten oxide is found from the X-ray powder diffraction file cards. 13 Since the dielectric constant of WO 2.9 (⑀ r ϭ 42) 15 is higher than the dielectric constant of Ta 2 O 5 (⑀ r ϭ 25) and much higher than that of SiO 2 , the total capacitance will not be significantly changed by this interfacial layer as compared with the metal/Ta 2 O 5 /polysilicon capacitors. Furthermore, because PECVD is virtually an in situ O 2 -plasma annealing process, defect density and oxygen vacancies are well suppressed by plasma deposition. 14 There is no tungsten pile-up at the Ta 2 O 5 /W interface for as-deposited LPCVD Ta 2 O 5 and O 2 -plasma annealed LPCVD Ta 2 O 5 films, as observed in Fig. 3 and Fig. 4 . This also agrees with the fact that no tungsten oxide XRD peak is observed for LPCVD Ta 2 O 5 films in Fig. 1 . 20 Since the electron affinity of WO 2.9 is not known, a figurative energy band diagram of the Au/Ta 2 O 5 /WO 2.9 /W structure at equilibrium is shown in Fig. 8 . Since the WO 2.9 layer is very thin, it is reasonable to assume that the extracted Fowler-Nordheim barrier height is the barrier height between the Ta height of Au/Ta 2 O 5 is about ⌽ Au/Ta2O5 ϭ 1.5 eV. This value is close to the barrier height of ⌽ Au/Ta2O5 ϭ 1.6 eV obtained previously using Au/Ta 2 O 5 /Ta MIM capacitors. 23 The low voltage region of the I-V characteristic below 2.5 V can be explained by Schottky emission with a barrier height ⌽ W/Ta2O5 ϭ 1.0 eV and an extracted high frequency dielectric constant ⑀ i ϭ 3.6. This high frequency dielectric constant is consistent with the measured index of refraction of 1.9 to 2.0. However, the extracted barrier height from Schottky emission ⌽ W/Ta2O5 ϭ 1.0 eV is small compared with that extracted from Fowler-Nordheim tunneling ⌽ W/Ta2O5 ϭ 1.32 eV. A possible explanation might be due to the fact that the thin WO 2.9 layer acts like a stepping-stone for electrons transport from the tungsten electrode to the Ta 2 O 5 conduction band, therefore the measured barrier height is reduced.
It is observed from the SIMS profiles that the O/Ta ion count ratio is higher in PECVD Ta
Negative voltage direction.-The leakage current in the negative direction is much smaller compared with the current in the positive direction. Since the barrier height at Au/Ta 2 O 5 ⌽ Au/Ta2O5 ϭ 1.5 eV is larger than that of the W/Ta 2 O 5 ⌽ W/Ta2O5 ϭ 1.32 eV, it is very reasonable that the leakage current in the negative direction is smaller than that in the positive direction. However, the Schottky emission current calculated using a barrier height of 1.5 eV gives an even smaller current density than the measured result. This could be due to two possible reasons. One reason is that the Au/Ta 2 O 5 barrier height may be reduced due to the surface states at the interface. 24 The second reason is that some of the leakage current might be due to trap-assisted current from the trap states in Ta 
